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A subset of melanopsin-expressing retinal ganglion
cells has been identified to be directly photosensitive
(pRGCs), modulating a range of behavioral and physi-
ological responses to light. Recent expression studies
of melanopsin have provided compelling evidence
that melanopsin is the photopigment of the pRGCs.
However, the mechanism by which melanopsin tran-
duces light information remains an open question.
This review discusses the signaling pathways that
may underlie melanopsin-dependent phototransduc-
tion in native pRGCs, as well as the many exciting
challenges ahead.
In 1999, the final proof that the mammalian eye contains
a non-rod, non-cone photoreceptor was established. At
the time, this new receptor was considered to be a ‘‘cir-
cadian photoreceptor,’’ but within two years it became
evident that these photoreceptors mediate irradiance
detection for a variety of behavioral and physiological
responses to light. Action spectra showed that these
light responses are based upon a novel opsin/vitamin
A-based photopigment with maximum sensitivities
near 480 nm, and physiological studies in rats and
mice demonstrated that a small number of photorecep-
tive retinal ganglion cells (pRGCs) respond to light di-
rectly. An opsin-like protein called melanopsin (Opn4)
was isolated and shown to be expressed in pRGCs.
The recent findings that different nonphotosensitive
cell types can be made photosensitive by transfection
of the human or murine melanopsin gene provides over-
whelming evidence that melanopsin is the photopig-
ment of the pRGCs. But how the vertebrate melanopsins
tranduce light information remains much more of an
open question. In many ways, the vertebrate melanop-
sins resemble invertebrate-like photopigments, and
pharmacological studies on the expressed pigment
support this view. However, evidence from in vitro ex-
pression does not necessarily translate to in vivo phys-
iology. Many GPCRs are promiscuous in their G protein
coupling and can activate multiple signaling pathways.
As a result, the pharmacological findings in non-native
cell types may simply reflect the activation of whatever
pathways are available. Furthermore, data presented
here suggest that melanopsins, even in closely related
species, may utilize different, and perhaps multiple, sig-
naling pathways. The first steps in understanding mela-
nopsin phototransduction have been made, but disen-
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Another Class of Ocular Photoreceptor
The mammalian eye has to perform two quite different
sensory tasks. Its familiar function is to collect and pro-
cess light to generate an image of the world. But pattern
detection is not the only function of the eyes; they also
provide a separate measurement of environmental
brightness (irradiance). That both image formation and
irradiance detection are the sole preserve of the eye,
and not some extraocular photoreceptor, has been
shown conclusively by enucleation (e.g., Nelson and
Zucker, 1981). This distinct photosensory role was first
fully appreciated by circadian biologists attempting to
understand how an endogenous biological clock is en-
trained (aligned) to the dawn/dusk cycle (photoentrain-
ment). The visual system responds to stimuli over a large
dynamic range of intensities, and to light of a very short
duration, in the range of milliseconds. By contrast, the
circadian system requires relatively large amounts of
light, saturates over a narrow dynamic range, and re-
quires a stimulus duration of seconds or longer (Nelson
and Takahashi, 1991a, 1991b). In view of the sensory
task, this makes some sense. A relative insensitivity to
light will filter out stimuli that do not provide reliable
time-of-day information (such as starlight and full moon-
light), and a long integration time will compensate for lo-
cal fluctuations in light exposure as an animal moves
through its environment (DeCoursey, 1989; Roenneberg
and Foster, 1997).
The responses to light exhibited by the circadian sys-
tem presented a problem, as they could not be ex-
plained easily on the basis of known retinal processing
pathways. Further perplexing results emerged through-
out the 1990s from studies on mice with hereditary reti-
nal disorders such as the retinal degeneration (rd/rd)
mouse. These mice lack functional rods, possess few
cones, and fail to show any classical visual responses
to light. Despite this massive insult to the retina, photo-
entrainment is superficially normal in these animals. This
led to the suggestion that there might be an additional
‘‘circadian photoreceptor’’ located within the eye (Fos-
ter et al., 1991, 1993; Provencio et al., 1994), a proposal
that at the time was not embraced with much enthusi-
asm by vision researchers. This issue was finally re-
solved with the development of a mouse model lacking
all functional rods and cones (rd/rd cl mice). The com-
plete loss of the rods and cones was found to have little
or no effect on the ability of mice to adjust their body
clocks to the light cycle (Freedman et al., 1999) or sup-
press pineal melatonin (Lucas et al., 1999), whereas
the loss of the eyes abolished these responses com-
pletely. These data provided the definitive evidence
that there is another light sensor within the eye. Further-
more, studies on rd/rd cl mice also showed that these
non-rod, non-cone photoreceptors do more than regu-
late the circadian system. For example, they also con-
tribute to both pupil constriction (Lucas et al., 2001)
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sponse to light (masking) (Mrosovsky et al., 2001).
A New Ocular Photopigment
The rd/rd cl mouse also proved very valuable when us-
ing action spectroscopy to characterize the non-rod,
non-cone photopigment. The known photopigments of
animals consist of an opsin protein linked to a chromo-
phore, which is a specific form of vitamin A called 11-
cis retinal. All opsin/vitamin A-based photopigments
have a characteristic absorption profile that allows
these photopigments to be identified on the basis of
their spectral responses to light (action spectra). The
first completed action spectrum in rd/rd cl mice was
for pupil constriction and demonstrated the involvement
of an opsin/vitamin A-based photopigment with maxi-
mum sensitivity (lmax) close to 479 nm. This pigment
was given the preliminary designation of OP479 (opsin
photopigment 479 nm) (Lucas et al., 2001). The known
photopigments of mice peak at w360 nm (UV cone)
(Jacobs et al., 1991), w498 nm (rod) (Bridges, 1959),
and w508 nm (green cone) (Sun et al., 1997) and did
not show any significant fit to the pupil constriction ac-
tion spectrum in rd/rd cl mice. Subsequent action spec-
tra on phase-shifting circadian rhythms of locomotor
behavior in rd/rd cl mice identified an opsin/vitamin A-
based photopigment with a lmax at 481 nm (Hattar
et al., 2003). The close agreement between the two ac-
tion spectra implies that the same photopigment medi-
ates these responses and suggests that perhaps all
non-rod, non-cone responses to light will be based
upon OP479. Parallel studies in humans used action
spectroscopy to study the photopigment(s) involved in
the suppression of melatonin synthesis from the pineal
(Brainard et al., 2001; Thapan et al., 2001) and the mod-
ulation of the cone electroretinogram (ERG) (Hankins
and Lucas, 2002). These studies also implicated the in-
volvement of OP479. Although action spectroscopy in
mice and humans had identified the biochemical nature
of the non-rod, non-cone photopigment, the gene re-
mained unidentified.
Photosensitive Retinal Ganglion Cells
If the rods and cones are not required, then which other
retinal neurons can act as photoreceptors? Parallel
studies in the rat and mouse addressed this question
and identified a subset of retinal ganglion cells (RGCs)
that respond to light directly. In the rat, RGCs were ret-
rogradely labeled with fluorescent microspheres in-
jected into the retino-recipient areas of the hypothala-
mus—notably, the suprachiasmatic nuclei (SCN), the
master circadian pacemaker within the mammalian
brain. Approximately 1% of all RGCs were labeled, and
these RGCs showed a light-evoked depolarization that
would persist in the presence of a cocktail of drugs
that blocked all retinal intercellular communication,
and even continued when the labeled RGC was dis-
sected and isolated from the surrounding retinal tissue.
An action spectrum for this light-evoked depolarization
demonstrated the involvement of an opsin/vitamin A-
based photopigment with a lmax w484 nm (Berson
et al., 2002), and in this regard the results from the rat
are strikingly similar to OP479.Photosensitive RGCs (pRGCs) were demonstrated in
the mouse by utilizing the isolated retinae from rd/rd cl
mice loaded with the Ca2+-sensitive FURA-2AM dye.
Fluorescent imaging identified light-induced Ca2+
changes inw3.0% of neurons within the RGC layer. Sig-
nificantly, in the presence of the gap junction blocker
carbenoxolone, the number of RGCs responding to light
dropped tow1.0%. This suggested that light responses
from pRGCs are coupled via gap junctions to additional
nonphotosensitive neurons, whose role remains to be
established (Sekaran et al., 2003). Furthermore, three
discrete classes of light-induced Ca2+ change were
identified in the pRGCs: (1) sustained, (2) transient, and
(3) repetitive. Perhaps these different response sub-
types are associated with projections to different re-
gions of the brain. Alternatively, those brain regions
involved in processing irradiance information could re-
ceive a more complex set of irradiance signals than pre-
viously assumed (Sekaran et al., 2003).
OP479 Is Melanopsin
Melanopsin Isolated and Localized within pRGCs
The melanopsin gene family (also known as Opn4) was
first identified in Xenopus (Provencio et al., 1998b),
and orthologs were subsequently isolated from other
vertebrate classes, including mammals (see below).
Melanopsin generated excitement almost immediately
because it was shown to be expressed within RGCs
(Provencio et al., 2000, 2002), and the anatomical distri-
bution of these RGCs was remarkably similar to those
retinal cells that project to the SCN and form the retino-
hypothalamic tract (RHT) (Provencio et al., 1998a). That
cells expressing melanopsin projected to the SCN was
subsequently confirmed by two independent studies us-
ing a combination of approaches to colocalization
(Gooley et al., 2001; Hannibal et al., 2002). Most recently,
melanopsin-expressing RGCs have been shown to pro-
ject to other nuclei in the brain that are associated with
processing irradiance information. These include the in-
tergeniculate leaflet (IGL), olivary pretectal nuclei (OPN),
and the ventrolateral preoptic nuclei (VLPO) (Gooley
et al., 2003; Hattar et al., 2002, 2003). Perhaps the
most exciting discovery was that melanopsin is ex-
pressed within the pRGCs (Berson et al., 2002; Hattar
et al., 2002; Sekaran et al., 2003; Semo et al., 2003),
and this observation paved the way for the next set of
experiments.
The essential data that melanopsin plays a critical role
in the transduction of light information in pRGCs came
from gene ablation studies. Melanopsin knockout mice
(mop2/2) have attenuated phase shifting and pupil re-
sponses to light, and pRGCs fail to respond to light in
these animals (Lucas et al., 2003; Panda et al., 2002;
Ruby et al., 2002). If mop2/2 mice are crossed into
mice lacking functional rods and cones, all responses
to light are lost (Hattar et al., 2003; Panda et al., 2003).
These studies demonstrate that rods, cones, and
pRGCs can fully account for all light detection within
the eye and strongly implicate melanopsin as the photo-
pigment molecule of the pRGCs. These triple-knockout
studies also address the possible requirement of a cryp-
tochrome (CRY) photopigment for entrainment. The
complete loss of light responses in these animals would
argue that the CRYs are not sufficient for circadian
Review
333photoreception, as has been previously suggested
(Sancar, 2000; Van Gelder and Sancar, 2003). The atten-
uated phase shifting and pupillary responses reported in
CRY knockouts (Selby et al., 2000; Van Gelder et al.,
2003) may reflect a role for the CRYs in influencing the
magnitude of pRGC responses to light rather than as
a photopigment (Van Gelder, 2003). For further discus-
sion see Foster and Helfrich-Forster (2001) and Peirson
et al. (2005).
A Complex Interaction between Rods, Cones,
and pRGCs
The results from rd/rd cl mice showed that rods and
cones are not required for photoentrainment (Freedman
et al., 1999), but such studies have not shown that these
photoreceptors play no role in regulating the clock. In-
deed, several lines of evidence implicated an input
from the rods and cones (David-Gray et al., 1998,
1999, 2002; Foster et al., 2003), not least the finding
that mop2/2 mice still show circadian entrainment, al-
beit in an attenuated form (Lucas et al., 2003; Panda
et al., 2002; Ruby et al., 2002). Empirical evidence for
rod, cone, and pRGC interaction comes from recent
studies on the macaque. Intracellular recording from
melanopsin pRGCs have shown that the short-wave-
length (S) cones (lmax w435 nm) attenuate the light re-
sponses of pRGCs, while the inputs from the rods, me-
dium (M) (lmax w530 nm), and long (L) (lmax w560 nm)
wavelength cones provide an excitatory input (Dacey
et al., 2005). The ecological explanation for this interac-
tion remains unclear, but may relate to the complex task
of twilight detection (Roenneberg and Foster, 1997) or
the adaptive responses of the eye to differing levels of
environmental irradiance.
Melanopsin Forms a Photopigment
The first investigation of the biochemistry of melanopsin
involved expression of melanopsin in COS cells and re-
constitution with 11-cis-retinal. The resultant pigment
showed a maximal absorbance between 420–440 nm
(Newman et al., 2003), an absorption maxima consider-
ably shifted away from OP479 (see A New Ocular Photo-
pigment, above). The discrepancy in lmax between
spectroscopy and action spectra, coupled with the low
signal/noise from the absorbance spectroscopy,
prompted the use of other approaches to address
whether melanopsin can act as a photopigment. Quite
independently, three groups combined the expression
of melanopsin protein with physiological assays of cellu-
lar photosensitivity. All three studies showed that mela-
nopsin transfection can confer photosensitivity to non-
photosensitive cell types (Neuro-2a; HEK293-TRPC3;
Xenopus oocyte). In addition, these groups were able
to show that specific forms of retinal (especially 11-
cis-retinal) are needed for these responses to light,
that light will ultimately trigger the release of intracellu-
lar calcium, and that this will involve some form of G pro-
tein interaction with melanopsin (Melyan et al., 2005;
Panda et al., 2005; Qiu et al., 2005). Expression studies
on human melanopsin suggest that the lmax of light re-
sponses is close to 420–430 nm (Melyan et al., 2005),
and in this regard the findings were similar to those ob-
tained by Newman et al. (2003). Two further studies, on
murine melanopsin, however, showed an action spec-
trum for light responses that exhibited a lmax very close
to 480 nm (Panda et al., 2005; Qiu et al., 2005). The cur-rent consensus from the various groups is that some-
thing about the local environment in which melanopsin
is reconstituted is important in determining its lmax
(M.T. Walker and P.R. Robinson, 2005, Invest. Ophthal-
mol. Vis. Sci., abstract).
Two of the studies also provide evidence that mela-
nopsin exhibits bistability and is therefore similar to
some invertebrate photopigments (Melyan et al., 2005;
Panda et al., 2005). Bistability in a photopigment is the
ability to bind alternately to 11-cis- and all-trans-retinal
and to act both as a sensory pigment and as a photoiso-
merase for photopigment regeneration. A photoisomer-
ase function is performed by dedicated proteins in the
visual system, but in the photosensitive ganglion cells,
melanopsin might combine these functions (Foster and
Bellingham, 2002). Qiu et al. (2005) argue against bist-
ability. The weakness here, however, is that the
HEK293-TRPC3 cells used for expression show endog-
enous retinoid metabolism (Brueggemann and Sullivan,
2002; Ma et al., 1999), and so there will be no certainty as
to the level and type of chromophore available to the ex-
pressed melanopsin in these cells. Recent studies using
Rpe65knockout mice (Rpe652/2) also support a bistable
role for melanopsin. RPE65 is a protein essential for the
regeneration of rod and cone pigments. In Rpe652/2
mice, pRGC responses are w20- to 40-fold lower than
controls. This deficit could be partially restored, based
upon the pupillary light response assay, by the addition
of all-trans-retinal, suggesting that melanopsin can act
as a photoisomerase (Fu et al., 2005).
Melanopsin-Based Photoreception Precedes Rod
and Cone Responses
Analysis of both human and mouse embryonic retinal
tissue showed that melanopsin gene expression pre-
ceded that of both the rod and cone opsins. This raised
the possibility that pRGCs might be the first photosen-
sory cells to develop within the eye (Tarttelin et al.,
2003). Most recently, Ca2+ imaging on the isolated neo-
natal retina has shown that the pRGCs are indeed light
sensitive on the day of birth (P0), some 12–14 days be-
fore visual responses are detected in the mouse. Even
at this early stage of development, pRGCs have the ca-
pacity to form functional outputs to the suprachiasmatic
nucleus (SCN). Furthermore, at P0 the number of RGCs
responding to light is five times greater than observed at
P10. Although the application of carbenoxolone reduces
the number of RGCs responding to light, some 15% of
all RGCs still show direct photosensitivity (Sekaran
et al., 2005). Why there should be so many pRGCs during
early neonatal development remains an intriguing issue.
They may perform some as yet unrecognized photosen-
sory role, or the excess of pRGCs may simply reflect part
of the normal process of neuronal development in the
retina whereby excess ganglion cells are lost (Robinson,
1991).
Melanopsin Phototransduction
Opsins and Other G Protein-Coupled Receptors
The mechanisms of phototransduction utilized by mela-
nopsin appear quite different from those used by the rod
and cone opsins. Unlike the phototransduction cascade
of vertebrate rods and cones, which involves the activa-
tion of transducin (Gt), phosphodiesterase, and closure
of cyclic nucleotide-gated (CNG) channels (Filipek
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334Figure 1. Summary of Signal Transduction Pathways
(A) Vertebrate phototransduction is based upon activation of transducin (Gt) leading to activation of phosphodiesterase (PDE). PDE hydrolyzes
cGMP to 50GMP, resulting in closure of cyclic nucleotide-gated (CNG) ion channels and hyperpolarization of the rod or cone photoreceptor.
(B) Invertebrate phototransduction is dependent upon activation of a Gq G protein, which in turn activates phospholipase Cb4, resulting in IP3 and
DAG formation. IP3 triggers the release Ca
2+ from intracellular stores, and DAG is thought to act through either PUFAs or protein kinase C (PKC)
to open transient receptor potential (TRP) and TRP-like channels. In vertebrate and invertebrate opsins, the GPCR ligand is a form of retinal
bound to the opsin via a Schiff base linkage. In the vertebrates, light photoisomerizes 11-cis retinal to all-trans retinal, and this conformation
change allows G protein interaction. All-trans retinal is released from the binding pocket and is reisomerized within the retinal pigment epithe-
lium. In the invertebrates, light similarly photoisomerizes the 11-cis isoform of retinal to its all-trans configuration. Many invertebrate opsins ex-
hibit bistability, whereby light is capable of reisomerizing all-trans retinal back to the photosensory 11-cis configuration. This occurs without the
retinal leaving the binding pocket of the opsin.
(C) The three best-characterized vertebrate G protein subfamilies are Gs, Gi/o, and Gq/a11. While other Ga subunits have been identified, such as
G12/13, their transduction pathways remain poorly characterized. Activation of Gs stimulates adenylyl cyclase (AC), resulting in the formation of
cAMP from ATP. cAMP exerts its effects through protein kinase A (PKA) or via modulation of transcription via cAMP response elements. Acti-
vation of Gi results in inhibition of AC. Stimulation of Gq/all activates a PLC pathway, similar to that in (B).et al., 2003; Menon et al., 2001; Pepe, 2001) (Figure 1A),
melanopsin appears to utilize a pathway that is more
akin to the invertebrate phototransduction cascade
(Figure 1B). This pathway has been characterized most
extensively in Drosophila and involves activation of
a Gq-type G protein, phospholipase C (PLC), and subse-
quent opening of transient receptor potential (TRP)
channels (Hardie, 2001; Hardie and Raghu, 2001; Mon-
tell, 1999). To place the emerging results relating to mel-
anopsin phototransduction into the broader context of
G protein-mediated signaling, the key features of this
large group of proteins will be briefly reviewed below.
GPCRs are a large family of receptors with a common
seven-transmembrane structure that transduce signals
via G proteins. G proteins are heterotrimeric complexes
comprised of a, b, and g subunits, which transduce sig-
nals via the Ga subunit or via the Gbg complex (Neves
et al., 2002). On the basis of sequence similarity, the
Ga subunits are divided into four families: Gs, Gi/o, Gq,
and G12/13. The Gs subfamily stimulates adenylyl cyclase
(Gs and Golf); the Gi/o subfamily inhibits adenylyl cyclase
and regulates ion channels (this group includes thetransducins, which interact with the vertebrate rod and
cone opsins); the Gq subfamily activates phospholipase
C b; and the G12/13 subfamily activates the Na
+/H+ ex-
changer pathway (Wong, 2003). As noted above, the
bg subunits may also interact with transduction ele-
ments and so mediate signal transduction indepen-
dently of the Ga subunit, further complicating transduc-
tion pathways (Neves et al., 2002). To date, at least 28
distinct Ga subunits have been identified, along with 5
Gb and 12 Gg subunits, conferring a potentially enor-
mous diversity and specificity of signaling (Kristiansen,
2004) (Figure 1C).
Originally, one GPCR was thought to interact with one
specific G protein. We now know that while this may be
true for some GPCRs, such as the rod and cone visual
pigments, many are more promiscuous in their G protein
coupling and signaling pathways (Kristiansen, 2004;
Wong, 2003). A survey of 172 GPCRs suggested that
11% show coupling to multiple G proteins, and some,
such as the human thyrotropin receptor, can couple to
all four G protein subfamilies: Gs, Gi/o, Gq, and G12/13
(Laugwitz et al., 1996).
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335Figure 2. Comparison of Vertebrate Rod Opsin, Melanopsin, and Invertebrate Opsins
(A) Phylogenetic analysis of amino acid sequences, demonstrating that the melanopsin sequences clade with invertebrate opsins. Trees gen-
erated using the neighbor-joining method using amino acid sequences excluding the variable C and N terminals (MEGA 2.0, Kumar et al.,
2001). Values at each node indicate bootstrap values based upon 1000 iterations. When individual sequences are considered, melanopsins
are actually more cephalopod-like (38%–40% amino acid identity), rather than arthropod-like (w35%). Also note that cyprinids roach and zebra-
fish clade with mammalian melanopsins, rather than the other teleost sequences (cod and pufferfish). This highlights the variability of the mel-
anopsins in closely related species.
(B) Alignment of the third intracellular loop region of melanopsin, rod opsin, and invertebrate opsin amino acid sequences. This region of verte-
brate visual pigments is highly conserved, as shown for the vertebrate rod opsins. Drosophila photopigments Rh1-Rh6 are also highly con-
served, although the putative Rh7 appears quite different. By contrast, the melanopsins demonstrate profound differences in this region, which
may be expected to result in differences in G protein specificity. Predicted G protein interactions based on Pred-Couple (Sgourakis et al., 2005a,
2005b) are shown for vertebrate sequences. Unlike the vertebrate rod opsins, melanopsins show considerable variability in G protein selectivity.
In the melanopsins, the third cytoplasmic loop may be similar (compare hamster and mouse), but differences will occur in G protein selectivity
due to variability in other intracellular domains. Where multiple G protein interaction are indicated, the order shown reflects the predicted pref-
erence. Accession numbers are as follows: human melanopsin isoform 1, NP_150598; human melanopsin isoform 2, NP_001025186; cat mela-
nopsin, NP_001009325; dog melanopsin, XP_853735; bovine melanopsin, XP_593123; mouse melanopsin, NP_038915; rat melanopsin,
NP_620215; hamster melanopsin, AAU11506; chicken melanopsin, NP_989956; zebrafish melanopsin, NP_840074; lizard melanopsin (Podarcis
sicula), AAY34941; roach melanopsin, AAO38857; cod melanopsin a, AAO20043; cod melanopsin b, AAM95160; pufferfish melanopsin,
CAF99228; Xenopus melanopsin, AAC41235; amphioxus melanopsin: BAE00065; sea urchin melanopsin (Strongylocentrotus purpuratus),
XP_784630; octopus opsin, P09241; squid opsin (Todarodes pacificus), P31356; scallop opsin 1 (Scop1), O15973; scallop opsin 2 (Scop2),
O15974; platynereis r-opsin, CAC86665; platynereis c-opsin, AAV63834; locust opsin, Q94741; Drosophila Rh1 (ninaE), NP_524407; Drosophila
Rh2, NP_524398;DrosophilaRh3, NP_524411;DrosophilaRh4, NP_476701;DrosophilaRh5, NP_477096;DrosophilaRh6, NP_524368;Drosoph-
ila Rh7, NP_524035; human rod, NP_000530; bovine rod, NP_001014890; mouse rod, NP_663358; chicken rod, BAA00610; zebrafish rod,
AAH63938; lizard rod (Anolis carolinensis), P41591; Xenopus rod, AAB27128; lamprey rod (Petromyzon marinus), Q98980.Melanopsin—An Invertebrate-like Photopigment?
There is considerable evidence that melanopsin uses an
invertebrate-like signal transduction pathway. The first
suggestion for this arose from its levels of identity and
phylogenetic analysis with other opsins. Xenopus mela-
nopsin was the first of the melanopsins to be identified,
and it showed onlyw30% amino acid identity to the rod
and cone opsins, butw39% identity to octopus rhodop-
sin (Provencio et al., 1998b). Phylogenetic analysis using
rod opsin, melanopsin, and invertebrate opsin amino
acid sequences (minus the hypervariable N- and C-ter-minal tails) shows that the melanopsins clade with the
Gq-activating invertebrate opsins (Figure 2A, indicated
by arrow). Another invertebrate-like feature is the low
level of interspecies conservation in these proteins.
For example, whereas human and bovine rod opsins ex-
hibit 88% identity at the amino acid level, human and
bovine melanopsins exhibit just 64% identity. Like the
melanopsins, the invertebrate visual pigments tend to
show large interspecies differences. Octopus and squid
opsins exhibit 72% identity, and Drosophila and locust
show only 61% identity.
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fected with melanopsin, show depolarizing responses to
light. In this regard, melanopsin phototransduction
again resembles the depolarizing responses of inverte-
brate photoreceptors and not the hyperpolarizing re-
sponses seen in vertebrate rods and cones (Berson
et al., 2002; Dacey et al., 2005; Sekaran et al., 2003; War-
ren et al., 2003). And as discussed above (Melanopsin
Forms a Photopigment), melanopsin appears to show
bistablity, another feature of invertebrate photopig-
ments.
Pharmacological studies on cultured Xenopus dermal
melanophores suggest the involvement of an inverte-
brate-like phototransduction cascade (Isoldi et al.,
2005), involving phospholipase C and protein kinase C
as well as changes in intracellular calcium (Figure 1B).
Extrapolating these findings to mammalian pRGCs is
not straightforward, as it remains unclear whether the
melanophores express any additional opsins (Miyashita
et al., 2001). Furthermore, it is also important to note that
Xenopus melanopsin shares only 49% amino acid iden-
tity with human melanopsin (in contrast, the rod opsins
exhibit 77% identity). Nevertheless, the pharmacologi-
cal studies on cells expressing melanopsin all point to-
ward an invertebrate-like cascade. The vertebrate rod
and cone opsins use G proteins called transducins,
which are pertussis toxin (PTX) sensitive, while the inver-
tebrate opsins use PTX-insensitive Gq proteins (Neves
et al., 2002) (Figures 1A and 1B). PTX acts by blocking
transduction through the Gi/Go/Gt classes of G proteins,
and significantly, application of PTX does not block mel-
anopsin-dependent light-induced current changes in
Xenopus oocytes. In addition, these responses are
greatly attenuated (although not blocked) by antibodies
against Gq/G11 G proteins (but not by antibodies to Gas
or Gai) (Panda et al., 2005). In Neuro-2a cells, the use of
Gi/G0 blockers fails to inhibit melanopsin-dependent
light responses (Melyan et al., 2005), while Gq/G11 antag-
onists fully blocked the melanopsin-dependent light
responses in HEK293-TRPC3 cells (Qiu et al., 2005). Col-
lectively, these results suggest that the invertebrate-like
Gq/G11 G proteins are involved in melanopsin-depen-
dent phototransduction. Downstream of the G protein
(see Figure 1B for details), melanopsin-dependent light
responses are greatly attenuated or blocked in Xenopus
oocytes and HEK293-TRPC3 cells by PLC inhibitors
(Panda et al., 2005; Qiu et al., 2005). Furthermore, coex-
pression of melanopsin with TRPC3 in Xenopus oocytes
(similar to the Drosophila Trp channels) shows that
TRPC3 channels exhibit a light-activated photocurrent
in the presence of melanopsin (Panda et al., 2005; Qiu
et al., 2005). Taken together, the results suggest that
light-activated melanopsin interacts with a Gq/G11 G
protein, which in turn activates a PLC-b. PLC-b gener-
ates IP3 and DAG, which ultimately modulate a TRPC
channel, possibly via PKC.
So, in broad terms, is the melanopsin phototransduc-
tion cascade largely resolved? Possibly not, for as the
authors of these three papers readily admit, evidence
from an in vitro expression system does not necessarily
translate to in vivo physiology. The critical issue is that
the same GPCR may couple to different G proteins in dif-
ferent expression systems (Alexander et al., 2004;
Sgourakis et al., 2005a, 2005b). As a result, the evidencefrom expression studies has to be treated with some
caution, especially when using non-native cell lines. In
such circumstances, results may simply reflect the acti-
vation of whatever pathways are available.
Can We Predict Function from Structure?
Over the last 20 years, a very large number of visual pig-
ments have been sequenced from a broad range of ver-
tebrates and invertebrates. These accumulated data
have facilitated the determination of key residues in-
volved in spectral tuning (Hunt et al., 2001; Kochendoer-
fer et al., 1999; Lin and Sakmar, 1999; Parry et al., 2005),
as well as those regions of the opsin protein that are im-
portant for signal transduction (Arshavsky et al., 2002;
Wong, 2003; Yeagle and Albert, 2003). Similarly, a large
number of studies have investigated the regions of other
GPCRs that determine G protein specificity, and bioin-
formatic approaches have emerged that can predict G
protein coupling from raw sequence data (Moller et al.,
2001; Sgourakis et al., 2005a; Sreekumar et al., 2004; Ya-
buki et al., 2005). While the concept of a single specific
amino acid motif dictating G protein specificity is overly
simplistic, specific regions within the intracellular do-
mains of a GPCR may be informative in suggesting po-
tential G protein interactions.
Given the relatively large number of melanopsin se-
quences in the public databases, we attempted to deter-
mine any common sequence motifs that might provide
additional information relating to transduction partners.
Because the third intracellular loop plays a critical role in
opsin:G protein interactions, we compared this region in
multiple rod opsins, melanopsins, and invertebrate op-
sins (Figure 2B). Comparison of the third intracellular
loop of rod opsins illustrates the remarkable level of
conservation between these sequences, from lampreys
up to primates, species separated from a common an-
cestor byw500 million years. Within the Drosophila op-
sins, the Rh1-6 photopigments show a high level of con-
servation within the third intracellular loop (note that
Drosophila Rh7 is a putative rhodopsin identified by
the Drosophila genome project) (Broeck, 2001). In con-
trast to the vertebrate rod opsins and Drosophila Rh1-
6, a comparison of the available melanopsin sequences
from the vertebrates shows quite dramatic differences,
both between classes and even between the mamma-
lian orders (Figure 2B). What might account for this re-
markable diversity? A small change in amino acid
sequence can have a large impact on G protein specific-
ity (Wong, 2003). And although G protein selectivity re-
sults from the three-dimensional conformation of the in-
tracellular domains, rather than any specific amino acid
motifs, it is difficult to envisage how such dramatic se-
quence differences could result in common interaction
sites. In short, different G protein interactions are sug-
gested by these differences in the third intracellular
loop.
Analysis of melanopsin and rod opsin sequences with
the use of Pred-Couple (Sgourakis et al., 2005a, 2005b)
provides further information relating to the potential G
protein specificity (Gs, Gi/o, or Gq11) of these receptors
(Figure 2B). As this approach is based on a training set
comprised of multiple amino acid sequence alignments
comprised of mammalian GPCRs, the highly divergent
invertebrate sequences were excluded. Considerable
validation for the approach is provided by the findings
Review
337that the rod opsins of all vertebrate classes were pre-
dicted to interact with only Gi/o (of which Gt is a member)
and by the finding that no G proteins were associated
with retinal G protein-coupled receptor (RGR) opsin,
an opsin involved in chromophore regeneration and
not thought to activate a transduction cascade. The mel-
anopsin sequences suggest multiple G protein interac-
tions (Gi/o, Gq, and Gs) (Figure 2B), and in this regard,
the melanopsins differ very markedly from the visual
pigment opsins and more closely resemble promiscu-
ous GPCRs. Although tentative, such results provide
compelling evidence that the intracellular domains
known to be important in determining G protein specific-
ity are poorly conserved in the melanopsins, and by ex-
tension, that melanopsins in even closely related spe-
cies may utilize both different, and perhaps multiple,
signaling pathways. It should not be forgotten that al-
though the recent expression studies indicated that mel-
anopsin utilizes an invertebrate-like Gq-type photo-
transduction pathway (Melyan et al., 2005; Panda
et al., 2005; Qiu et al., 2005), earlier results suggested
that melanopsin is capable of low-level activation of ver-
tebrate rod transducin (Gi/o) (Newman et al., 2003). Re-
solving whether melanopsin can really bind multiple G
protein partners in vivo will form an essential element
in our understanding of this alternative light-signaling
pathway.
Conclusions
The recent findings that different nonphotosensitive cell
types can be made photosensitive by transfection of the
human or murine melanopsin gene is a remarkable result
and provides overwhelming evidence that melanopsin is
the photopigment of the pRGCs. Many questions remain
unanswered, however. Although we know that pRGCs
regulate more than the circadian system, their influence
on other aspects of physiology and behavior is only just
beginning to emerge. In addition, how and why pRGCs
interact with rod and cone photoreceptors remains an-
other important area of investigation and may turn out
to be central to our understanding of how the eye adapts
to different lighting conditions. The taxonomic distribu-
tion of the melanopsins has also raised some interesting
questions. Melanopsin has recently been identified out-
side the vertebrate classes, in the cephalochordate am-
phioxus (Koyanagi et al., 2005). This discovery places
the origin of melanopsin before the vertebrate radiation.
In addition, public databases now contain the sequence
for a putative melanopsin from the sea urchin, an echi-
noderm. If this sequence represents a true ortholog of
melanopsin, it moves the origin of melanopsin back to
somewhere early within the Deuterostome branch of an-
imal evolution and raises the intriguing question of how
much further back might the melanopsins be traced?
Of the many questions about melanopsin, the one that
has generated the most interest recently is how does
this protein transduce light information into a physiolog-
ical response? In many respects, the vertebrate mela-
nopsins resemble invertebrate-like photopigments, and
pharmacological studies on the expressed pigment
support the idea that melanopsin uses an invertebrate-
like phototransduction cascade. Although the evidence
is compelling, it would be wrong to think the problem
solved. Results from in vitro expression of melanopsinin different cell types do not necessarily translate into
in vivo physiology. The idea that all GPCRs interact
with a single transduction cascade may be the excep-
tion rather than the rule. An increasing body of evidence
points to a much more promiscuous coupling of GPCRs
with G protein subtypes and signaling pathways. As a re-
sult, the pharmacological findings from in vitro expres-
sion of melanopsin in non-native cell types may simply
reflect the activation of the pathways that are available.
Furthermore, data presented here suggest that mela-
nopsins, even in closely related species, seem unlikely
to be capable of activating the same G proteins and
may therefore utilize different, and perhaps multiple, sig-
naling pathways. The first exciting steps in understand-
ing melanopsin phototransduction have been made, but
disentangling the specifics of this pathway is likely to
provide some real challenges. If the melanopsins show
redundancy and activate multiple signaling cascades,
then the pharmacological manipulation of pRGCs in
vivo may not necessarily provide straightforward re-
sults.
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